ABSTRACT Determining the bloodmeal hosts of the Culex vectors of encephalitis viruses such as West Nile virus is essential for understanding the role of these mosquitoes in enzootic and epidemic transmission. Although molecular techniques have increased our knowledge of blood feeding patterns by allowing host identiÞcation to the species level, few studies have focused on the role that sampling methods may play in determining these patterns. In the current study, we identiÞed 644 bloodmeals from Culex tarsalis Coquillett and Culex quinquefasciatus Say females collected in CO 2 traps (dry ice-baited Center for Disease Control traps), in gravid traps, and aspirated from resting sites. There was no signiÞcant difference in the bloodmeal host apportionment in sampling methods such as gravid traps and resting collections that collected fully engorged females. However, CO 2 traps that collected partially fed females had a signiÞcantly different apportionment of hosts than either gravid or resting collections. Bloodfed females from CO 2 traps had either fed on only a small subset of available host species or were biased toward more mammalian and fewer nonpasserine avian feeds than females from other collections. Because both full and partial bloodmeals can contribute to viral transmission, obtaining Culex bloodmeal collections from multiple sampling methods may be important to fully interpret the role of these mosquitoes as maintenance and/or bridge vectors.
quinquefasciatus are primarily avian feeders, taking over 90% of their bloodmeals from birds Reeves 1964, Tempelis et al. 1967) . Recent bloodmeal identiÞcation studies using molecular methods (Apperson et al. 2004; Molaei et al. 2006 Molaei et al. , 2007 Savage et al. 2007; Kent et al. 2009 ) have generally supported these Þndings, but with Cx. quinquefasciatus exhibiting greater variation in the proportion of mammalian feeds. These molecular studies have provided further details to our knowledge of bloodfeeding patterns by identifying bloodmeal hosts to the species level, thereby allowing the elucidation of host selection and preference among vertebrate taxa (Kilpatrick et al. 2006 , Hamer et al. 2009 ).
Despite advances in species-speciÞc bloodmeal identiÞcation methods during the last decade, less effort has focused on the role that collection techniques of the mosquitoes may play in potentially biasing the interpretation of host selection studies. Published studies have used blood-fed females collected by a variety of methods, including dry ice-or CO 2 -baited CDC traps, gravid traps, and aspiration from natural and manmade resting sites (Apperson et al. 2004 ; Kilpatrick et al. 2006; Molaei et al. 2006 Molaei et al. , 2010 Savage et al. 2007; Hamer et al. 2009 ), but few have compared the species composition among bloodmeals from females collected concurrently by different methods (Niebylski and Meek 1992; Kent et al. 2009 Kent et al. , 2010 . Each sampling method collects a unique subset of the female mosquito population, so the sampling method itself could inßuence the composition of collected bloodmeals. For example, CO 2 traps attract mostly host-seeking females, so bloodfed females from these traps typically contain partial bloodmeals and therefore may be biased toward defensive hosts. This is relevant because previous studies have shown marked differences among avian and mammalian defensive behaviors (Edman and Kale 1971; Edman et al. 1974 Edman et al. , 1988 . In contrast, resting collections target mosquitoes replete with blood, so these collections should not be biased by host defenses, but could be altered by location and mosquito resting behavior.
In the current study, we compared bloodmeal host composition among Cx. tarsalis or Cx. quinquefasciatus that were collected concurrently by CO 2 traps, gravid traps, and aspiration from resting sites. We addressed the hypothesis that collection method signiÞcantly inßuenced the apportionment of bloodmeals among host species, predicting that gravid traps and resting collections would have similar results given that both attract mosquitoes with replete bloodmeals, whereas CO 2 traps would differ and may be biased toward more mosquito-defensive or unfavored host species.
Materials and Methods
Study Sites and Mosquito Collection. Partially fed or replete Cx. tarsalis or Cx. quinquefasciatus were collected concurrently by CDC-style traps (Sudia and Chamberlain 1962) baited with dry ice (Newhouse et al. 1966 ) and operated from late afternoon to early morning without light ("CO 2 traps"); up-draft gravid female traps (Cummings 1992) baited with an alfalfa infusion ("gravid traps"); and aspirator collections during morning from both red walk-in resting boxes (Meyer 1987 ) and preexisting resting sites ("resting"). Methods were compared at two sites in the Sacramento Valley and at two sites in the Coachella Valley of California from May through October of 2007 and 2008. One site in the Sacramento Valley was a farmstead surrounded by agricultural Þelds located just north of Davis, Yolo County, CA (38.6037Њ N, Ϫ121.7094Њ W). This site contained a stand of eucalyptus trees and was inhabited by a variety of avian species as well as domestic animals including horses (Equus caballus), cows (Bos taurus), and goats (Capra hircus). During late spring and summer, this site served as a communal nesting area for four ciconiform species, blackcrowned night herons (Nycticorax nycticorax), snowy egrets (Egretta thula), great egrets (Ardea alba), and cattle egrets (Bubulcus ibis). Three CO 2 traps and a gravid trap were operated weekly. Resting mosquitoes were collected once or twice per week from a walk-in red box and the covered farmhouse porch situated Ϸ100 m apart.
The second site was the Yolo Bypass Wildlife Area west of Sacramento, CA (38.5557Њ N, Ϫ121.6012Њ W). Over 300 species of birds and mammals have been identiÞed in the wildlife areaÕs 6,400 hectares of rice Þelds and managed wetlands. Weekly, mosquitoes were collected by Þve CO 2 traps and three walk-in red boxes that were clustered together at two sites within the wildlife area.
Two study sites were located in the Coachella Valley, Riverside County, CA. One was at the outskirts of the residential community of Mecca (33.5806Њ N, Ϫ116.0777Њ W) and surrounded by agricultural Þelds and unimproved desert. The second site was near a waste water treatment plant and bird rehabilitation center to the east of Indio (33.7120Њ N, Ϫ116.1947Њ W). Walk-in red boxes were unproductive at these sites, but engorged mosquitoes were collected from multiple CO 2 and gravid traps operated weekly.
Mosquitoes were anesthetized with triethylamine and enumerated by species. Bloodfed Cx. tarsalis and Cx. quinquefasciatus females were scored as partially fed, freshly fed, late fed, half gravid, or sub gravid (World Health Organization [WHO] 1975) and stored individually at Ϫ80ЊC pending identiÞcation of the bloodmeal.
Bloodmeal Identification. Bloodmeal hosts were identiÞed using methodology previously described and evaluated in detail (Thiemann et al. 2011) . In brief, heads and thoraces of blood-engorged females were removed. DNA was extracted from the abdomens using the DNeasy 96 Blood & Tissue Kit (Qiagen, Valencia, CA), and the mitochondrial gene cytochrome c oxidase I (COI) was ampliÞed using a nested polymerase chain reaction (PCR). First, an Ϸ1,900 bp region was ampliÞed using primers for the RNA-coding regions ßanking COI. Then, the 658-bp ÔbarcodingÕ region of COI was ampliÞed using vertebrate-speciÞc primers (Ivanova et al. 2006 , Cooper et al. 2007 ). Host DNA was identiÞed either by our new microsphere array assay for COI developed for hosts frequently fed upon by Culex throughout California or by sequencing the gene and using the ÔIdentify SpecimenÕ feature of the Barcode of Life Data Systems (BOLD; www.boldsystems.org).
Determination of Sampling Bias. The proportion of total bloodmeals from each host species was determined for each sampling method at each study site. A 2 test for equality of distributions was used to determine differences in the apportionment of bloodmeals, and thus trap bias, at a given site during periods when adequate numbers of bloodfed females were collected concurrently. Host species were grouped into the following categories to attain sample sizes adequate to satisfy 2 criteria: 1) the most frequently fed-upon avian order at a given site, 2) the avian order Passeriformes, perching birds that have often been implicated as important hosts in encephalitis virus transmission cycles, 3) other avian orders, and 4) mammals.
Results
Bloodfed Culex females were collected by all sampling methods. All bloodfed females from CO 2 traps contained freshly imbibed red blood, but were partially fed (i.e., midgut distention was Ͻ50%), whereas those collected from gravid traps and resting sites had replete bloodmeals that were either fresh or in some stage of digestion. Freshly fed, late fed, half gravid, and sub gravid females previously were found to be suitable for host identiÞcation (Thiemann et al. 2011) , and all were included in the 644 bloodmeals (91% of those tested) identiÞed in the current study. There was no signiÞcant difference (contingency 2 ϭ 1.35; df ϭ 2; P ϭ 0.51) in the percentage of bloodmeals identiÞed in mosquitoes collected concurrently from gravid traps (94%, n ϭ 48), CO 2 traps (88%, n ϭ 140), and resting collections (92%, n ϭ 224).
Resting Collections and Gravid Traps. A total of 289 Cx. tarsalis bloodmeals from 18 host species were identiÞed from females collected at the farmstead heronry site in July and August of 2007 and 2008 (Fig. 1) . There was no signiÞcant difference in the apportionment of hosts by group among females collected resting in a walk-in red box, resting on the farmhouse porch Ϸ100 m to the east, or in a gravid trap placed near the red box ( 2 ϭ 5.35; df ϭ 6; P ϭ 0.50). Herons and egrets (order Ciconiiformes), especially black-crowned night herons, were the predominant avian hosts, whereas cows were the major mammalian host identiÞed from each of collection methods.
CO 2 Traps. Thirty-four host species were identiÞed from 70 blood-fed Cx. tarsalis collected at the Yolo Bypass Wildlife Area from May through October of 2008 ( Fig. 2A) . This wide variety of hosts reßected the diversity of available vertebrate species, whereas the low numbers collected reßected competing resting sites and not the very high abundance of Culex collected in this area. House Þnches were the most frequently fed upon host, with 10 total bloodmeals; however, six of these were obtained in one collection from a single walk-in red box. Only three other host species, ring-necked pheasant, red-winged blackbird, and Savannah sparrow, individually comprised Ͼ5% of the total bloodmeals. Most host species were represented by only one or two bloodmeals. Members of the order Anseriformes, waterfowl, were the predominant nonpasserine avian hosts and were included in the 2 calculation. There was a signiÞcant difference in the apportionment of bloodmeals among females collected by CO 2 traps and walk-in red boxes ( 2 ϭ 16.09; df ϭ 3; P ϭ 0.001). Over 75% of Ôother birdÕ bloodmeals, including all the bloodmeals from three hawk species, were collected from red boxes. Females feeding on mammalian hosts were collected exclusively by CO 2 traps at this site.
Bloodfed Cx. tarsalis were collected from CO 2 traps predominantly during September and October 2008 at the farmstead heronry study site north of Davis, CA. A total of 207 Cx. tarsalis bloodmeals comprising 17 host species were identiÞed from the CO 2 traps and walk-in red box collections during this time period 2 analysis was performed using the four groups designated on the y-axis. There was no signiÞcant difference among the apportionment of bloodmeal hosts within these four groups ( 2 ϭ 5.35; df ϭ 6; P ϭ 0.50).
( Fig. 2B) . Black-crowned night herons were once again the most frequently fed upon host by females collected by both sampling methods. Despite sharing a dominant host, there was a signiÞcant difference in the apportionment of host bloodmeals among females collected in the red box and CO 2 traps ( 2 ϭ 15.51; df ϭ 3; P ϭ 0.001). Females that fed upon herons and egrets (order Ciconiiformes) were collected more frequently in the red box, whereas those that had fed upon mammals were collected more frequently in CO 2 traps.
Cx. quinquefasciatus was collected most frequently at traps operated in the Coachella Valley. During summer 2008, 78 Cx. quinquefasciatus bloodmeals were identiÞed from concurrently operated CO 2 and gravid traps (Fig. 2C ). There was a signiÞcant difference in the apportionment of bloodmeal hosts between collections from the two trap types ( 2 ϭ 15.28; df ϭ 3; 2 analysis was performed using the groups designated on the y-axes. P ϭ 0.002). Chicken (order Galliformes) was the predominant bloodmeal host identiÞed in females collected in both traps, but chicken bloodmeals were detected twice as frequently in females collected by CO 2 traps. The major difference between trap types was the diversity of identiÞed hosts. Although a total of 15 host species were identiÞed, only four of these species, chicken, house sparrow, brown-headed cowbird, and domestic dog, were recovered from females collected in CO 2 traps.
Discussion
Host composition and the apportionment of bloodmeals among hosts from females collected by CO 2 traps differed signiÞcantly from those collected concurrently in gravid traps or from resting sites, contrary to conclusions from a previous study (Kent et al. 2010) . However, in their study, most of the Cx. quinquefasciatus females with identiÞed bloodmeals fed on domestic chickens making the analysis of variation in host selection among sampling methods difÞcult. At two locations in our study, Cx. tarsalis collected by CO 2 traps fed on disproportionately more mammalian hosts than those collected resting. The majority of these partially fed females were collected in CO 2 traps operated during September and October when mosquito abundance was at or near the seasonal maximum. Avian defensive behavior previously has been shown to increase with increasing mosquito abundance (Edman et al. 1974 , Nelson et al. 1976 , possibly contributing to the observed shift to increased mammalian feeding by Culex mosquitoes during late summer and fall (Tempelis et al. 1965, Edman and Taylor 1968) , because mammals, particularly large ones, reputedly were more tolerant of mosquito feeding (Edman et al. 1974 , Nelson et al. 1976 . Unexpectedly, in our study, more mammalian bloodmeals were detected in partially fed and presumably still host-seeking females collected from CO 2 traps than resting in adjacent walk-in red boxes. If mammals were indeed less defensive than birds, we expected more females feeding on mammalian hosts to be replete and therefore over represented in resting collections.
Although we did not have information from the literature on the defensive behavior of all the avian hosts identiÞed in our study, some trends correlated with published results. Bloodmeals from large birds, that were generally reported to be less defensive (Edman et al. 1974) , were recovered most often from resting collections and gravid traps. In contrast, bloodmeals from blackbirds and house sparrows, species found to be highly defensive to Culex nigripalpus Theobold (Edman et al. 1974) , were frequent hosts for Culex at our two study sites, 18 and 26% of bloodmeals from females collected from CO 2 traps, respectively. Black-crowned night herons displayed virtually no mosquito defensive behavior, such as bill pecks or foot shakes, in a previous study (Edman and Kale 1971) . In agreement, these birds were identiÞed as frequent hosts of females from resting collections (67% of the total bloodmeals) in our study, but also accounted for over 40% of the bloodmeals identiÞed from CO 2 traps. This again may be because of the high mosquito density at the time of bloodmeal collection.
We found no difference in the apportionment of bloodmeals in Cx. tarsalis collected from resting sites and gravid traps. However, because bloodfed Culex were collected repeatedly by both methods at only one site in our study and because differences between these two sampling methods were detected previously in Louisiana (Niebylski and Meek 1992) , additional comparisons should be made to explore possible biases between gravid trap and resting collections. Our gravid trap hay infusion bait was presented in a black plastic pan, so the combination of plant odors, increased humidity, and dark color may have been attractive as a resting site to some mosquitoes. In accordance, we also repeatedly collected males and unfed females resting in this and other gravid traps. Our results supported the hypothesis that methods collecting females with full bloodmeals should have a comparable apportionment of species among bloodmeals.
We originally hypothesized that gravid traps and resting collections, both of which collect females with replete bloodmeals, would provide the best overview of Culex bloodfeeding patterns. However, it was clear from our study that several host species/taxa were over-represented or exclusively recovered from females collected in CO 2 traps. These hosts may represent very defensive or unattractive species whose small bloodmeal contribution to mixed feeds from replete mosquitoes was missed by our host identiÞ-cation assays. Regardless, if bloodfeeding patterns had been surveyed solely based on females from gravid or resting collections, the possible importance of partial bloodmeals from several host species would have been overlooked. It may be true that CO 2 collections are biased toward more defensive hosts and that these defensive hosts may not be fed upon as frequently by Culex as a whole Kale 1971, Edman et al. 1974) ; however, these hosts still may be important in virus transmission, because these partial meals would lead to more host contacts per gonotrophic cycle and therefore a higher biting rate by the vector. Interestingly, females with partial bloodmeals typically represent an extremely low percentage of total host-seeking females collected by CO 2 traps (Mitchell and Millian 1981, Reisen et al. 1995) , demonstrating that, unlike Aedes mosquitoes, Culex often become replete from feeding on one individual host. Supporting this idea, we have detected very few mixed bloodmeals in extensive bloodmeal analyses in California (Thiemann 2011) .
For an adequate interpretation of vector bloodfeeding patterns and for calculations of host preference to be accurate, the proportions of bloodmeal hosts among sampled mosquitoes should reßect the true host selection patterns of the vector population. Our results suggest that trap bias may inßuence host bloodmeal distributions of both Cx. tarsalis and Cx. quinquefasciatus. No single sampling method recovered bloodmeals from all hosts used by these species. Col-lections from gravid traps and resting sites resulted in the identiÞcation of more total host species, but CO 2 collections revealed host species that were not found by other collection methods. In future bloodmeal studies, multiple trap types should be used and interpreted to gain a complete view of the feeding patterns of important vector species.
